The genus Lycoris, a group of Amaryllidaceae plants distributed in temperate regions of Eastern Asia, is already known for containing representative alkaloids typical of this botanical family with a wide range of biological activities (for example, lycorine and galanthamine). In the present work, the alkaloid profiles of nine species, L. albiflora, L. aurea, L. chinensis, L. haywardii, L. incarnata, L. longituba, L. radiata, L. sprengeri, and L. squamigera, and one variety (L. radiata var. pumila) have been evaluated by GC-MS. Structures belonging to the lycorine-, homolycorine-, haemanthamine-, narciclasine-, tazettine-, montanine-and galanthamine-series were identified and quantified, with galanthamine-and lycorine-type alkaloids predominating and usually showing a high relative abundance in comparison with other alkaloids of the extracts. Interestingly, L. longituba revealed itself to be a potential commercial source of bioactive alkaloids. In general terms, our results are consistent with the alkaloid profiles reported in the literature for previously studied species.
The Amaryllidaceae family is comprised of about 1100 perennial bulbous species, classified into 85 genera, and distributed throughout the tropics and warm temperate regions of the world. It is one of the 20 most important alkaloid-containing plant families [1] . Lycoris, a genus belonging to the Amaryllidaceae, includes 22 species and one hybrid, and is found in temperate woodlands of Eastern Asia. In particular, fifteen of these species grow in China, of which 10 are endemic [2] .
The Amaryllidaceae alkaloids represent a large and still expanding group of isoquinoline alkaloids, usually classified into nine skeleton types whose representative compounds are: norbelladine, lycorine, homolycorine, crinine, haemanthamine, narciclasine, tazettine, montanine and galanthamine. Biogenetically, these structures are the result of an intramolecular oxidative coupling of the key intermediate O-methylnorbelladine, derived from the amino acids L-phenylalanine and L-tyrosine. Ortho-para´ phenol oxidative coupling of O-methylnorbelladine results in the formation of a lycorine-type skeleton, from which homolycorine-type alkaloids are derived. The galanthamine-type skeleton is the only one originating from para-ortho´ phenol oxidative coupling; while para-para´ coupling leads to the formation of crinine, haemanthamine, tazettine, narciclasine and montanine structures ( Figure 1 ) [3] .
To date, almost 500 structurally diverse alkaloids have been isolated from plants of this family, showing a broad range of biological effects, including acetylcholinesterase (AChE)-inhibitory, antitumor, antibacterial, antifungal, antiviral and antimalarial activities [4] . Lycorine is one of the most frequently occurring alkaloids in Amaryllidaceae species and has been found in all Lycoris species. It has been reported as a potent inhibitor of ascorbic acid synthesis, cell growth and division, and organogenesis in higher plants, algae and yeasts, inhibiting the cell cycle during the interphase [3] . In addition, recent studies have reported potential antinociceptive, anti-inflammatory, hepatoprotective and hypotensive activities [5, 6] . In terms of bioactivity, the most prominent alkaloid of the group is galanthamine, a long-acting, selective, reversible and competitive inhibitor of AChE, the enzyme responsible for the degradation of acetylcholine at the neuromuscular junction in peripheral and central cholinergic synapses. AChE inhibition is the current strategy of choice for the treatment of mild and moderate stages of Alzheimer´s disease. Besides its good inhibitory activity, a dual mechanism of action as an allosteric modulator of the neuronal nicotinic receptor for acetylcholine has been proposed for galanthamine, which also has the ability to cross the blood-brain barrier and act within the central nervous system [1] . As a result, its use was approved by the FDA in 2001, and galanthamine is currently marketed as a hydrobromide salt under the name of Razadine ® (formerly Reminyl ® ) [7] . Finally, among other notable structures previously reported in the Lycoris genus are tazettine and montanine. The former has also shown AChE-inhibitory activity [8, 9] , but is considered to be an isolation artifact of the chemically labile pretazettine [10] . Montanine, a widespread alkaloid in the genus, has psychopharmacological activities including anxiolytic, antidepressive and anticonvulsive, as well as antiproliferative, antiinflammatory, antioxidant, antimicrobial, and AChE-inhibitory effects [11] [12] [13] [14] .
The extracts obtained from Amaryllidaceae plants usually show complex alkaloid profiles. Traditionally, isolation and identification of alkaloids has been achieved through a combination of chromatography, and IR, UV, NMR and CD techniques, which can be time-consuming and laborious. Phytochemical study of the genus Lycoris began at the end of the 19th century. The first study was carried out with L. radiata, which yielded the alkaloids lycorine and sekisanine (tazettine) [15] . In the 1930s, Kondo et al. initiated a series of in-depth studies on Lycoris alkaloids, resulting in the elucidation of the structures of lycorine, tazettine, lycoramine and homolycorine [16] [17] [18] [19] . Galanthamine was first found in Lycoris species in 1957 [20] . In 1959 two new phenolic alkaloids (norpluviine and 8-O-demethylhomolycorine) were isolated from L. radiata [21] . From the 1960s to the 1980s, exhaustive research work led to the first isolation of sanguinine from L. sanguinea, as well as O-demethyllycoramine from L. radiata; at the same time, other species such as L. squamigera, L. guangxiensis and L. chinensis were studied [22] [23] [24] [25] [26] [27] . In the 1990s, Kihara et al. isolated a new alkaloid from flowers of L. incarnata named incartine, which has been proposed as a biosynthetic intermediate in the conversion of galanthine to narcissidine [28] . Two new alkaloids, norsanguinine and norbutsanguinine, were isolated and characterized from the bulbs of L. sanguinea, in addition to five known Amaryllidaceae alkaloids [29] . During the first decade of the current century, the continued investigation of Lycoris plants yielded further novel structures. Reported in L. radiata bulbs, lycosinine A and lycosinine B were classified as a new structural group (galanthindole-type), in addition to the unusual lycorine-type alkaloids, lycoranine A and lycoranine B, all of them completely characterized by spectroscopic methods [30, 31] . Moreover, a new montanine-type alkaloid named squamigine, together with 2Rhydroxy-N,O-dimethylnorbelladine and 3-O-ethyltazettinol, were isolated from the bulbs of L. squamigera and L. aurea [32, 33] . Recent studies with bulbs of L. radiata resulted in the isolation of 5,6-dehydrodihydrolycorine, 6β-acetoxycrinamine, 8-O-acetylhomolycorine-N-oxide, 5,6-dehydrolycorine, 3α,6β-diacetylbulbispermine, 3α-hydroxy-6β-acetylbulbispermine, 8,9-methylene-dioxylhomolycorine-N-oxide, 5,6-dihydro-5-methyl-2-hydroxyphenanthridine, and 2α-methoxy-6-O-ethyloduline [34] [35] [36] .
To summarize, fifteen species of Lycoris, L. albiflora, L. anhuiensis, L. aurea, L. chinensis, L. guangxiensis, L. haywardii, L. houdyshelii, L. incarnata, L. longituba, L. radiata, L. rosea, L. sanguinea, L. sprengeri, L. squamigera and L. straminea have been phytochemically studied to date, and around one hundred alkaloids of mainly 8 structural types have been found and classified, with lycorine-and galanthamine-type alkaloids predominating in all the species (Table 1) .
The aim of the present work was to analyze the alkaloid content of 9 Lycoris species collected in China, using a simple and rapid methodology that combines the advantages of gas chromatographymass spectrometry (GC-MS) for alkaloid profiling and direct quantification from dry plant material. GC-MS is a proven useful, rapid and specific method with good sensitivity for the investigation and identification of complex alkaloid mixtures of different groups from various plants, requiring a very low quantity of plant material and no derivatization step [37, 38] . To our knowledge, there are only two reports in the literature about the use of this method for the identification of alkaloids in Lycoris species (L. radiata and L. aurea) [39, 40] . In the current work, the alkaloid profiles of L. albiflora, L. aurea, L. chinensis, L. haywardii, L. incarnata, L. longituba, L. radiata, L. sprengeri, L. squamigera and the variety L. radiata var. pumila, all from China, were evaluated and quantified by GC-MS. The aim was to contribute to a better knowledge of the variability and quantification of Lycoris alkaloids. GC-MS analysis of the bulbs of different species of Lycoris resulted in the identification of 31 alkaloids, the majority of them belonging to the lycorine, homolycorine, haemanthamine, narciclasine, tazettine, montanine and galanthamine types, together with one unusual alkaloid known as cherylline. In general, the results coincided with previously reported alkaloids found in the genus, including lycorine and galanthamine. The alkaloid profile of the extracts of all the studied species was dominated by alkaloids arising from ortho-para´ (lycorine-type) and para-ortho´ (galanthamine-type) oxidative coupling of O-methylnorbelladine ( Table 2 ). The number of alkaloids detected varied among extracts, from 10 in L. incarnata and L. radiata var. pumila to 20 in L. longituba.
In all the species, lycorine-and galanthamine-type alkaloids were predominant. L. longituba and L. sprengeri showed the highest content of lycorine-type compounds, with values above 2.5 mg GAL/g DW. The maximum level of galanthamine-type alkaloids was detected in L. longituba bulbs (4.75 mg GAL/g DW), while 1084 Natural Product Communications Vol. 9 (8) 2014
Guo et al. the lowest level was found in the bulbs of L. radiata var. pumila (0.4 mg GAL/g DW). Tazettine-type alkaloids were present in all the species, with the exception of L. incarnata, while the montanine type was not detected in five of the ten extracts analyzed. Homolycorine-type alkaloids were only found in L. radiata, L. radiata var. pumila and L. haywardii. Narciclasine-type alkaloids were present as mere traces in L. longituba and L. sprengeri. Although in low quantities (values less than 0.29 mg GAL/g DW), the haemanthamine type was detected in five species, L. aurea, L. chinensis, L. radiata, L. sprengeri and L. squamigera (Table 2; Figure 2 ).
In a more detailed examination of the alkaloid profiles, L. albiflora showed the presence of lycorine-, tazettine-, montanine-and galanthamine-type alkaloids, while those with homolycorine-, haemanthamine-and narciclasine-type skeletons were not detected. The alkaloid profile of L. aurea and L. squamigera was similar, with lycorine, haemanthamine, tazettine, montanine, and galanthamine types found in both species, but not narciclasine-type nor homolycorine-type alkaloids. In L. chinensis galanthamine-type (1786.1 μg GAL/g DW) and lycorine-type (1113.1 μg GAL/g DW) alkaloids predominated, with a relatively low amount of tazettine (368.5 μg GAL/g DW), only traces of the haemanthamine type, and no homolycorine-type alkaloids detected. Lycorine-, homolycorine-, tazettine-and galanthamine-type alkaloids were found in L. haywardii. The only species in which tazettine was not detected was L. incarnata, which showed mainly lycorine-and galanthaminetype, as well as traces of haemanthamine-type alkaloids. It should be noted that the total alkaloid content of L. incarnata was the lowest of all the species studied (2014.1 μg GAL/g DW). On the other hand, the species with the highest total content of alkaloids was L. longituba, which showed the maximum values of galanthamine, lycorine, montanine and tazettine types. In L. radiata and its variety, L. radiata var. pumila, the most important feature was the noticeable abundance of homolycorine-type compounds. While both showed similar alkaloid profiles, containing lycorine, homolycorine, tazettine and galanthamine types, the quantity of each type was far higher in L. radiata than the variety. As shown in Table 2 , lycorine, haemanthamine, narciclasine, tazettine and galanthamine types occurred in bulbs of L. sprengeri, but homolycorine and montanine skeletal types were not detected.
Regarding specific alkaloids, the extracts contained mainly lycorine, tazettine, galanthamine and lycoramine. Lycorine was the predominant alkaloid of its series (about 30%) in all species. The highest lycorine-containing species was L. radiata, which yielded almost 1 mg GAL/g DW. L. longituba and L. sprengeri also contained a large amount lycorine (656.9 μg GAL/g DW and 687.4 μg GAL/g DW, respectively). Almost the only tazettine-type alkaloid found was tazzetine, with the highest abundance in L. longituba (863.3 μg GAL/g DW). The other predominant alkaloids detected were galanthamine and lycoramine, both of them classified in the same group due to structural similarity, the only difference being an extra double bond at position 4-4a in galanthamine. The quantity of galanthamine was quite considerable in L. aurea, L. chinensis, L. radiata and L. squamigera, but particularly high in L. longituba (836.0 μg GAL/g DW). L. aurea and L. chinensis contained more galanthamine than lycoramine, which was the reverse in the other species. L. longituba, L. radiata, L. sprengeri and L. squamigera showed the highest amounts of lycoramine. respectively, to highlight their predominance, whereas the third one represents all the remaining skeleton types (including tazettine-, homolycorine-, haemanthamine-and montanine-). The lycorine, galanthamine and lycoramine alkaloids are represented by different shades of red or blue, and tazettine is in green, given that these are the most frequently found structures.
The analysis of bioactive Amaryllidaceae alkaloid profiles in 9 species and one variety of Lycoris by GC-MS revealed some similarities and differences. This kind of analysis could be useful in guiding the search for compounds with pharmacological activity. Among the species analyzed in the present work, L. longituba could be considered as a potential commercial source of bioactive alkaloids (such as galanthamine and lycorine) due to its high content in comparison with the other species. In particular, the galanthamine content is nearly two times the amount calculated for L. radiata, which is currently the main source for the production of this drug in China. Finally, the GC-MS technology here applied has demonstrated to be sufficiently sensitive for the detection of Amaryllidaceae alkaloids, allowing the application of quantitative methodologies to obtain valuable information in relatively short times. (3 x 500 μL) .
Experimental

GC-MS analysis of alkaloid extracts:
Dried alkaloid extracts were re-dissolved in 100 μL of CHCl 3 and directly injected into the GC-MS apparatus (Hewlett Packard 6890 coupled with MSD5975; Hewlett Packard, Palo Alto, CA, USA) operating in EI mode at 70eV. An HP-5 MS column (30 m x 0.25 mm i.d., film thickness 0.25 μm) was used. The temperature gradient performed was the following: 100-180 º C at 15 º C/min, 180-300 º C at 5 º C/min, 10 min hold at 300 º C, and 2 min at 100 º C. The injector temperature was 250 º C and the flow-rate of carrier gas (helium) was 1 mL/min. A split ratio of 1:5 was applied.
Galanthamine quantification:
A calibration curve was constructed for 10 dilutions of galanthamine (5, 10, 25, 50, 100, 200, 400, 500, 700, and 900 μg/mL). The same amount of codeine (0.05 mg) was added to each solution as an internal standard. The peak areas were manually obtained considering selected ions for each compound (usually the base peak of their MS, i.e. m/z at 286 for galanthamine, at 299 for codeine). The ratio between the values obtained for galanthamine and codeine in each solution was plotted against the corresponding concentration of galanthamine to obtain the calibration curve and its equation (y = 57.324x + 10.73; R 2 = 0.9981).
GC-MS identification of alkaloids and determination of alkaloid profile:
The alkaloids were identified by comparing their GC-MS spectra and Kovats Retention Index (RI) with those of authentic Amaryllidaceae alkaloids previously isolated and identified by spectrometric methods (NMR, UV, CD, MS), by the NIST 05 Database or by literature data. RI values of compounds were measured with a standard n-hydrocarbon mixture (C9-C36) using AMDIS 2.64 software.
Alkaloids were quantified considering the area of peaks in each chromatogram. All data were standardized to the area of the internal standard (codeine) and the equation obtained for the calibration curve of galanthamine was used to calculate the quantities expressed as μg GAL, which was finally related to the amount of dried plant material (g DW). It is important to remember that as the peak area does not only depend on the corresponding alkaloid concentration but also on the intensity of the mass spectral fragmentation, this was not an absolute quantification. However, the methodology is considered suitable for comparing the amount of specific alkaloids between samples [38] .
